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Abstract

Central composite design (CCD) was effectively employed to decide optimum conditions for the rapid separation of Sudan dyes using revel
phase high performance liquid chromatography (HPLC). Twenty experiments, taking the minimum resolution and retention time of the I
eluted peak as the responses with three important factors, mobile phase composition, flow rate and column temperature, were used to des
mathematical model. The experimental responses were fitted into a second order polynomial and used to predict the optimum conditions for
effective separation of the studied compounds. Further, chromatographic separation efficiency was tested through generation of Pareto-op
points. The validity of using modified central composite design in predicting the optimization conditions was experimentally verified. The optimul
conditions were: acetonitrile/0.1% aqueous formic acid (90/10, %v/v) as the mobile phase, at a flow rate of 1.2 mL/min and column temperat
of 15°C, respectively. While using this optimum condition, baseline separation with a minimum resolution more than 1.5 and a separation time
less than 6 min were achieved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction selective and accurate analytical methods are to be developed
to identify and quantify the Sudan dyes in complex matrices.
People are advised not to eat foods that have been contarAs reported in the literature, an UV-vis spectrophotometry
inated with illegal Sudan azo-dyes, which are often used foand a LC-ESI-tandem mass spectrometry (MS/MS) have been
coloring solvents, oils, waxes, petrol, and shoe and floor polemployed for the simultaneous identification and determination
ishes. The colorant known also as Sudan I-IV Biee 1) have  of Sudan dye$2,3]. Herein, we employed reverse-phase high
been proved through laboratory experimdtijso cause cancer performance liquid chromatography (HPLC) for the separation
to animals and human being. Sudan dyes may cause cancerabSudan dyes and optimized the conditions for rapid separation
people and hence Sudan dyes at any level is not safe for thef Sudan dyes.
human. However, Sudan dyes have been found as a contaminantDevelopment of effective chromatographic separation
in chilli powder[2]. Soups, sauces and ready meals that use cormethod involves judicious selection of experimental conditions
taminated chilli powder are the main the sources for Sudan dyethat is suitable for the separation of interested components at
The presence of Sudan dyes has been found in food products aad adequate resolution with reasonable run ti@je The ana-
caused panic among customers in China and Europe. Sensitivgst must determine the experimental domain, i.e. the variables
(composition of the mobile phase, type of column, pH of mobile
phase, etc.) that could influence the separation time and effi-
* Corresponding author. Tel.: +82 53 950 5901; fax: +82 53 9528104.  Ci€ncy. In addition, an analyst must select the responses (reso-
E-mail address: kplee@knu.ac.kr (K.-P. Lee). lution, retention time, etc.) that would give the best resolution
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Fig. 1. Scan curves of four Sudan dyes using UV-vis spectrophotometer. Con-

ditions: slit width: 1 nm; scan step: 0.5 nm; scan range: 200-800 nm. Polynomial equations and the statistical analysis of the

response variables were performed by Microsoft Excel 2000

through minimum trail experiments. After taking into account SOftware (version 5.0; Microsoft Corp., Redmond, WA). Ori-

the response assumptions and the variable constraints, the a2 6-0 (OriginLab Corporation, MA) was used for making the

lyst can develop a response model. Consequently, the analy&SPonse surface diagrams.

builds the experimental design that decides the model. Finally,

once the experiments are defined and the model is fitted, the an®- Results and discussion

lyst tries to achieve the best probable within the experimental

domain. The detection wavelength was chosen by recording the
The aim of this study is to develop experimental conditions2dsorption spectrum of Sudan dye in the range of 200-800 nm

that would give the best baseline separation for Sudan dyes #Sing UV-vis spectrophotometry7ig. 1). The wavelengths in

HPLC in a relatively short analysis time. Central compositethe ranges of 200-260 nm or 450-500 nm were used as the detec-

design (CCD) was used to construct mathematical models th#on wavelengths. In order to decrease the background from

predict how changes in input or controlled variables (mobileMobile phase and the sample’s solvent, a wavelength of 476 nm

phase percentage, flow rate, column temperature) affected tHé&S selected as the most suited wavelength for detection.

two main responses (the last eluted retention tifigq the Experiments were operated using an isocratic solvent system

minimum resolutionRs mir) in a defined experimental region. in ACN/0.1% aqueous formic acid (80/20, %v/v) at a flow-rate

In order to find the best compromise between several responsé¥, 1 mL/min. Baseline separation of four Sudan samples was

Pareto strategies have been employed to simultaneously op@btained using g column.Fig. 2informs that a time of 40 min

mize the selected respongsgs. It is an efficient technique for Was required for the baseline separation of four components due

optimization of multiple variables to predict the best perfor-t0 the strong retention ability of{g stationary phase towards the

mance conditions with a minimum number of experiments. hydrophobic compounds. We have developed a statistical strat-
egy to optimize experimental conditions for the rapid separation

2. Experimental of the four Sudan dyes.

2.1. Materials

Sudan | (1-[(2,4-dimethylphenyl)azo]-2-naphthalenol), E
Sudan Il (1-(phenylazo)-2-naphthol), Sudan Il (1-(4-phenyla- ™
zophenylazo)-2-naphthol), Sudan [\Vo-folyazoo-tolylazo- 0.7 9 g
betanaphthol), formic acid and acetonitrile (ACN) were 0671 =

purchased from Beijing Chemical Reagent Company and 05
Tianjing Chemical Reagent Company, China. All solvents used 0.4 1
were of HPLC or analytical reagent grade. Distilled water was 31
obtained from a super-purification system (Danyangmen Cor- |

w
o
<
poration, Jiangshou, China). All solutions were degassed with  _ i
ultra-sonication and filtered through a membrane (.45 ' N

. . . 0 -
before use. In a typical chromatographic experiment, Sudan
compound was dissolved in ACN or carbon tetrachloride and
injected for peak identification.

-0.11
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Fig. 2. Chromatogram of four Sudan standards using C18 column. Mobile
phase: ACN/0.1% HCOOH=80/20; stationary phase: ZORBAX SB-C18;

. injection volume: 2QuL; flow rate: 1 mL/min; temperature: 2@; pressure:
Chromatographic measurements were made on a HP11QQ par. peak identification: tR(Sudan) = 8.426 min: tR(Sudan 1) = 14.316 min;

Series HPLC system (AgilentTechnologies, Inc., Walbronn{R(Sudan Ill) =20.677 min; tR(Sudan 1) =39.072 min.

2.2. Apparatus



Y.P. Zhang et al. / J. Chromatogr. A 1098 (2005) 183-187 185

Table 1 Table 2
Coded and real values of three variables for CCD model Real variables for CCD and experimental responses
Level Percentage Flow rate Column S.no. Percentage Flowrate Column Tend (MIiN)  Rs, min
ACN (%) (mL/min) temperature°C) ACN (%) (mL/min)  temperature®C)
X1 X2 X3 X1 X2 X3
—a 63 0.66 8.2 1 70 0.8 15 39.04 9.95
-1 70 0.8 15 2 90 0.8 15 8.14 3.02
0 80 1.0 25 3 70 1.2 15 26.89 9.80
+1 90 1.2 35 4 90 1.2 15 5.55 2.79
+o 97 1.34 41.8 5 70 0.8 35 26.19 7.72
6 90 0.8 35 5.65 1.45
7 70 1.2 35 17.66 7.56
3.1. Experimental design and analysis 8 90 12 35 3.81 1.34
9 63 1 25 49.25 11.55
, , i i 10 97 1 25 3.39 0.58
CCD is a second-degree design enabling modeling of the; 80 0.66 25 17.30 5.22
nonlinear effect of variables. It was first proposed by Box andi2 80 1.34 25 8.73 5.03
Wilson and consists of a full factorial design and a star desigi3 80 1 8.2 16.86 7.20
[6]. CCD permits to define empirical models (usually quadratict* gg i ‘2‘2-8 Ség g-‘z‘g
polynomials) that describe accurately how responses behave 80 1 25 1158 5 36
all values of the studied variables in the experimental region - 80 1 25 1157 5.24
[7]. In order to calculate the coefficient of quadratic regressions 80 1 25 11.38 5.08
model, each design variable has to be at least studied at thré@ 80 1 25 11.38 5.08
80 1 25 11.38 5.09

distinct levels. Consequently, CCD is often used to provide esti¢°
mation of a second-order equation, that predicts high efficiency
for the analysis with respect to the number of runs required. . o o ) .

Based on preliminary experiments and considering the chendheir statistical significance, and analysis of variance (ANOVA)
ical structure of the studied compourid Cg column with less ~ {OF résponses were evaluated at the 95% confidence level by
retention to the selected analytes was chosen for the optimiz1€ method of least squares (seable 3. Statistical analysis
tion. The key variables selected for optimization process wer&evealed that the models represented the phenomenon quite well
eluent percentage{), flow rate ) and column temperature and fitted accurately to the experimental data. _
(x3). For the selected variables,( x2, x3), the center value and The values of coefﬂue_nt of determination as 0.994 (in the
the variation step were fixed. The center value and variation stefS€ Of7end and 0.999 (in the case s, min) showed the
for x1, x2, andxs, respectively, were: 80% and 10% far, 1 and reliability of the equation. The ANOVA showed that the per-
0.2 mL/min forxy, 25 and 10C forx3. The experimental matrix  c€ntage of ACN, flow rate and column temperature were sig-
at three variables consists of 20 experiments, expressed in codBtiicant to retention time of the last eluting pegkvalues of
variables and real variableg) as shown infable 1 All exper- <0.0001, O.Q006 and 0.0003, respectively) as expected,; for_the
iments were performed in randomized order to minimize thd€@stresolution, only ACN% and column temperature were sig-
effects of uncontrolled variables that may introduce a bias offificant in the studied domainp € 0'0001)6 In addition, it was
the measurements. Results of the selected 20 experiments (J8€nd that the interaction between ACN%-—flow rate and ACN
Table 2 for the separation of the compounds were effectively
used to evaluate the minimum effective resolution (resolution ofable 3
the least well resolved pair of peali, mir) and the maximum Regression coefficients and the associated probability vapuesle) for the
retention time (for the last eluting peé;% p) retention time of the last eluted peak and the minimum resolution

n .

The resolution Rs) was calculated by using the following Term Retention time Resolution
formula:Rs=2(r2 — 11)/(w2 + w1), wherer; andr, are the reten- Tend (Min) p-value Rs, min p-value
tion times of two adjacent peaks; andw», the widths of the
two adjacent peaks at the baseline. The experimental res ons!gts?mem °88.237 0.000 55564 0000

Jacent pe: _ - Xp , ponsg ~10.684 0.000 ~0.832 0.000
were then fitted into the following polynomial equati@+-10]. o —119.959 0.006 1.577 0.600
x3 —2.450 0.003 —0.270 0.000
Y = ap + a1x1 + a2x2 + @3x3 + @12x12 + @13%13 X1 X X2 1.016 0.008 —0.001 0.956
2 2 2 X1 X X3 0.022 0.005 0.002 0.006
+ @23¥23 + 011Xy + (22X + 33X33 X2 X %3 0.274 0.397 0.006 0.820
. . . X2 0.049 0.000 0.003 0.000
wher_e_Y is the response to be modeleRk (min; Tend); «i, the _X% 8.700 0.468 _0.984 0333
coefflc!ents. By using the model, a response surface reg_ressu;@ 0.002 0.691 0.000 0.352
analysis for each response factor was performed by using theultiple r 0.994 0.999
SOLVER program in Microsoft Excel. The quality of the fit of &> , 0.989 0.999
the polynomial model equation was expressed by the coefficieftdiustedr 0.978 0.998

of determination®?). The coefficients of the response function, Asterisks denote most significant factors and interaction effgatal(e < 0.05).
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Fig. 3. Response surface of retention time and resolution for mobile phase percentage and flow rate at a constant column tempéer@ture=cf2&N and
x2 =flow rate (mL/min).

percentage—column temperature were also significant wvith they were combined to get a measure of the composite desir-
value of 0.008 and 0.005, respectively, iy, Whereas, in  ability of the multi-response system. This is the measure of the
the case oRs min, ONly ACN%—column temperature was the weighted geometric average of the individual desirabilities or

only significant interaction effect with-value of 0.006. For the the responsefl?]. Difficulties may arise in choosing differ-

quadratic term, only ACN%—flow rate was significant to bothent weights according to the importance of different variables.
responses.

In such cases, a desirable or compromised condition can be
After ascertaining the validity of the model, graphs of surfaceused using Pareto strategies. Interestingly, this strategy does not

responses were drawn, by plotting the response variation againgquire any preliminary information. As a result, a compromise
two of the variables, while the third variable (center value) wasetween different criteria can be visualized.
held constant at a specified level. It can be observed that an The Pareto-optimal plotis depictedrig. 4. The three factors

increased concentration of ACM in the mobile phaseresulted were combined to generate 81 combinations witk x2 x x3.
in decreasedeng andRs, min apparently, while caused a slight

decrease iffeng response with the increase of flow rate)(

These effects could be seenhig. 3. Increasing the column 12 PrYR R R T X2
temperature ) resultedTeng and Rs min to decrease. These 10.5 pPYvY ¥ X X T X°
effects could be seen from their response surface and contour 9 R a E T
plots. . 75

£ e

= 6

[and
3.2. Multi-criteria decision 45 ”

5 P iand
Generally, responses were usually transformed into an appro- \ o

priate desirability scale for balang¢#l]. In that process, dif- '0 1 L T
ferent weight variables are to pe aSS|gne(_:i for each _of the G B 15 {5 ¥4 W& S5 8% 40 46 65 & @
response. Larger and smaller weight factors imply more impor- Tung (i)
tant responses and less important responses, respectively. After end

obtaining the individual desirabilities for each of the response, Fig. 4. Plot of the feasible criteria space Pareto-optimality.
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Table 4
The comparison of predicted values and experimental values in the optimum range
S. no. CAN (%) V (mL/min) T (°C) Predictedks ExperimentaRg Predictedl'eng (min) Experimentaleng (min)
1 80 1.2 25 5.15 4.97 9.45 9.65
2 90 1.2 15 2.84 2.79 5.66 5.56
8 any point which is in the Pareto-optimal range can be used as
mAU o 5;"@’ the optimal point for verifying the optimization.
1] i) The success of the predictions through the modified CCD
4 | 5 model in this study can be witnessed in the effective separation
' 2 ‘ L of four Sudan dyes using the optimum conditions. A representa-
0.8 1 i g tive chromatograms is presentedHiy. 5. The predicted values
0.4 ] c; agree well with experimental values and support our modified
0.2 ] ‘ J ﬂ\ approach to CCD (seEable 4.
0] \M.-,-/-..«mm' S T > -
v 4. Conclusion

0 2 4 6 8 10
T (min) HPLC offers a quick method for detection and confirmation
Fig. 5. Chromatogram of four Sudan dyes in the optimal range. Mobile phase® thg_presence of Sudan dyes-_Opt|m|Zat|0n of experlmen_tal
ACN/0.1% HCOOH = 80/20; flow rate: 1.2 mL/min; temperature®@5station-  conditions for the chromatographic system was performed using
ary phase: ZORBAX XDB-C8; injection volume: 20; wavelength: 476nm.  an experimental design. Further, the experimental data were
Peak identification: 0.05mg/L Sudan | (tR =3.256 min); 0.05mg/L Sudan Il eya|yated with statistical analysis. In summary, few experiments
82;3'222 ?:23 0.05mg/L Sudan Il (tR=5872min); 0.05mg/L Sudan IV' 5 0 0o rformed and the models are fitted. It becomes possible to
find this best optimum configuration within the experimental

) ] domain. The experimental design simplifies the tediousness in
Among themyx; consists of nine levels (63%, 66.5%, 70%, 75%, the rapid separation of the carcinogenic dye, Sudan.

80%, 85%, 90%, 93.5%, 97%i, consists of nine levels (0.664,

0.732,0.8,0.9,1.0,1.1, 1.2, 1.268, 1.336 mL/min), while keepAcknowledgement

ing x3 at the constant level of Z%. It was further decided to

optimize the chromatographic separation efficiency based on Thiswork was supported by the Project of Excellent Teacher
two objectivesRs, minas a measure of the quality of separation j¢ Henan Province, China.

andTeng as a measure of the cost of analysis. Hence, the min-

imum effective resolution and the maximum retention time ofg aferences

81 combinations were visually plotted in the two-dimensional

plot (seeFig. 4). The requirements of separations were as [1] M. stiborova, V. Martinek, H. Rydlova, Cancer Res. 62 (2002) 56780.

follows: [2] F. Calbiani, M.Q. Careri, L.M. Elviri, J. Chromatogr. A 1042 (2004)
_ 123.
Tend= 10 min; Rgmin = 1.5 [3] K.J. Ru, F. Yang, S.Y. Lu, Chin. J. Health Lab. Technol. 14 (2004) 596.
[4] J. Gabrielsson, N.O. Lindberg, T.J. Lundstedt, Chemometrics 16 (2002)

The points (quadrant left-above, sBay. 4) are called non- 141,

inferior combination or Pareto-optimal points. All other points (5] s. wieliiski, A. Olszanowski, J. Lig. Chromatogr. Relat. Technol. 22
in the feasible criteria space are inferior to these points. The (1999) 3115.

points in the feasible criteria space are Pareto-optimal points (ifl6] R. Ficarra, P. Cutroneo, Z. Aturki, P. Ficarra, M.L. Calabro, R. Phan-
no other point exists in that space) that can give improvement irb] Tan-Luu, S. Finali, P. Ficarra, J. Pharm. Biomed. Anal. 29 (2002) 989.

iteri ithout affecting the oth iteri U. Akesolo, L. Gonzalez, R.M. Jimenez, R.M. Alonso, J. Chromatogr.
any one criterion witnout affecting the otner criterion. A 990 (2003) 271.

o [8] Y.P. Zhang, H.J. Noh, S.H. Choi, J.J. Ryoo, K.P. Lee, Bull. Korean
3.3. Method validity Chem. Soc. 25 (2004) 377.
[9] C.V. Suresh Babu, B.C. Chung, Y.S. Yoo, Anal. Lett. 37 (2004) 2485.

To test the validity of this optimization scheme and to obtain[10] Y.P. Zhang, K.P. Lee, S.H. Kim, S.H. Choi, Electrophoresis 25 (2004)

the optimum separation, two optimal points within Pareto- 2711
. P P P P . Ell] Y.L. Loukas, S. Sabbah, G.K.E. Scriba, J. Chromatogra. A 931 (2001)
optimal range were selected to perform the experiment. The™ |7

two points were Pareto-optimal points that fitted the criterigi2) A.r. Marchesini, M.R. Williner, V.E. Mantovani, H.C. Goicoechea, J.
(Tena< 10 min andRs, min> 1.5). This is based on the fact that Pharm. Biomed. Anal. 31 (2003) 39.
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